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ABS TRACT 

The center-to-limb variation of equivalent widths 

of 198 Fe I lines in the spectral region 5500 to 7000 B 
was studied with five photospheric models. The gf-values 

of Corliss and Warner were used in the analysis. The 

photospheric iron abundance was found to vary with 

excitation potential. This can be explained by a systematic 

error in the gf-values of high excitation lines and an 

error of 250 to 500 OK in the temperature of the arcs used 

for measuring the gf-values. Departures from LTE in the 

solar Fe I lines are a l so  a possibility. The adopted 

photospheric abundance of iron, log (N /N ) is -5.41. Fe H 



I. INTRODUCTION 

It is well known that there is evidence for a 

systematic difference between the coronal and photospheric 

abundances of iron (Muller 1966).  The coronal abundance 

appears to be larger than the photospheric abundance by 

a factor of 10 to 20. This may represent a real difference 

in composition of the two regions or, alternatively, it may 

be that the compositions are the same and that the abundance 

determinations are affected by invalid assumptions or 

systematic errors. In this paper we consider problems 

connected with photospheric determinations, and describe 

results of an analysis of the center-to-limb variations 

of the equivalent widths for lines of neutral iron. 

Muller and Mutschlecner (1964) made a similar study 

for a number of elements in the iron group. They found 

that the abundances of these elements did not vary 

significantly with either excitation potential or with position 

on the solar disk. They concluded that the assumption of 

local thermodynamic equilibrium (LTE) appears to be an 

adequate approximation for the lines studied. In their 

study Muller and Mutschlecner were handicapped by the lack 

of oscillator strengths for weak iron lines and therefore 
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w e r e  a b l e  t o  u s e  on ly  moderately s t rong  l i n e s .  Soon a f t e r  

t h e i r  work w a s  completed t h e  ex tens ive  t a b l e s  of gf-values 

compiled by C o r l i s s  and Warner (1964) became a v a i l a b l e .  

These t a b l e s  conta in  o s c i l l a t o r  s t r e n g t h s  f o r  many i r o n  

l i n e s  which a r e  weak i n  t h e  s o l a r  spectrum. Goldberg, Kopp, 

and Dupree (1964) and A l l e r ,  O'Mara, and L i t t l e  (1964) used  

these  gf-values and s p e c t r a  from t h e  cen te r  of t h e  s o l a r  

d i sk  t o  determine i r o n  abundances. Neither group found s i g -  

n i f i c a n t  v a r i a t i o n s  of t h e  i r o n  abundance with e x c i t a t i o n  

p o t e n t i a l .  However, Dupree (1968) has  re-examined t h e  da ta  

of Goldberg, Kopp, and Dupree and has found some e v i d e n c e  

f o r  a dependence upon wavelength and e x c i t a t i o n  p o t e n t i a l .  

Warner (1964) f i r s t  discovered a v a r i a t i o n  of t h e  s o l a r  i r o n  

abundance wi th  e x c i t a t i o n  p o t e n t i a l ,  which he and Cowley (Cowley 

and Warner 1967a, 196733) l a t e r  a t t r i b u t e d  t o  e r r o r s  i n  C o r l i s s  

and Warner 's  gf-values f o r  high e x c i t a t i o n  l i n e s .  The purpose 

of t h e  p re sen t  paper i s  t o  i n v e s t i g a t e  more completely t h e  

dependence of t h e  photospheric i r o n  abundance upon l i m b  pos i -  

t i o n ,  e x c i t a t i o n  p o t e n t i a l ,  and t h e  model  photosphere used  

i n  t h e  a n a l y s i s .  
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I1 - OBSERVATIONS 

The observa t ions ,  which are t h e  s a m e  as those  used 

by M u l l e r  and Mutschlecner, are p h o t o e l e c t r i c  t rac ings  

made a t  t h e  McMath-Hulbert Observatory. W e  s e l e c t e d  

1 7 2  Fe I l i n e s  i n  t h e  s p e c t r a l  reg ion  5500 t o  7000 B f o r  

s tudy .  They w e r e  chosen so t h a t  t h e y  would be free from 

blending by neighboring spectral l i n e s .  Equivalent  widths  

w e r e  measured a t  t h r e e  l i m b  pos i t i ons ,  cos 8 = 1.0,  0.5, 

and 0.3,  where 8 i s  t h e  angle  between t h e  l ine-of -s ight  

and t h e  outward normal t o  t h e  s o l a r  s u r f a c e .  Table 1 

con ta ins  a l i s t  o f  t h e  measured equ iva len t  widths .  

Twenty-six Fe I l i n e s  measured by/ M U l l e r  and Mutschlecner 

w e r e  also used i n  our  s tudy .  

111. THEORY 

I n  t h e  c a l c u l a t i o n  of t h e o r e t i c a l  equ iva len t  widths  

t h e  method of  weight ing func t ions  w a s  used. The l i n e  depth,  

r ,  w a s  computed by a procedure very  s i m i l a r  t o  t h a t  used 

by A l l e r ,  E l s t e ,  and Jugaku (1957) - The l i n e  depth is  

given by t h e  equat ion  
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w h e r e  I i s  t h e  emergent i n t e n s i t y  i n  t h e  continuum, 

I (Ah) i s  t h e  emergent i n t e n s i t y  i n  t h e  l i n e  a t  a d i s t a n c e  

Ah from t h e  cen te r  of t h e  l i n e ,  x is  t h e  continuous 

absorp t ion  c o e f f i c i e n t  per  hydrogen p a r t i c l e ,  p = cos 8, 

and g ( T ) i s  t h e  weighting func t ion  (e .g .  A l l e r  1960) . 
The l i n e  absorpt ion c o e f f i c i e n t ,  u , i s  propor t iona l  t o  

A 

& 

A 

A A  

4, 

(NFe/NH) (NP,/NFe) w h e r e  N /N i s  t h e  s o l a r  abundance Fe H 

of i r o n  w i t h  r e spec t  t o  hydrogen, and N is  t h e  number 

of atoms per  c m 3  i n  t h e  lower l e v e l  of t h e  t r a n s i t i o n  

producing t h e  l i n e .  

a s  a func t ion  of t h e  photospheric e l e c t r o n  temperature and d e n s i t y  

by using Boltzmann's and S a h a ' s  equat ions.  Unless otherwise 

s t a t e d ,  LTE w a s  assumed. 

4 

The q u a n t i t y  N /NFemay be expressed .e 

The equiva len t  widths w e r e  evaluated from t h e  formula 

The equiva len t  width of a weak l i n e  can be r e l a t e d  t o  t h e  

s o l a r  abundance, N /N by an equat ion of t h e  form Fe HJ 

l og  WA/A = l og  N /N + log  gfh - 8, X, + log  ' A J  Fe H 

w h e r e  g is  t h e  s t a t i s t i c a l  weight of t h e  lower l e v e l  of 

t h e  t r a n s i t i o n ;  f i s  t h e  osc i l la tor  s t r e n g t h  of t h e  l i n e ;  



-5- 

h is the wavelength; x (ev)is the excitation potential 
of the lower level of transition; and C depends upon 

the photospheric model, 'rt and the ionization properties A J  

of iron. The quantity 8, = 5040/T0 may be taken as 

unity for the sun, To representing a mean temperature 

in the atmospheric layers where the lines are formed. 

G 

A 

An empirical curve-of-growth is obtained by plotting 

observed values of log W /A  as a function of A 

log gfh - 0 ,  x + log C h .  
& 

By comparing theoretical and empirical curves-of-growth 

one can obtain a value for log (N /N 1. A mean 

curve-of-growth for all of the lines at 1-1 = 1.0 is shown 

in Figure 1. 

Fe H 

I V .  PHOTOSPHERIC MODELS 

In interpreting the observations we used five recent 

photospheric models. The first of these, Mutschlecner's 

(1963), is the one used by Muller and Mutschlecner (1964) 

in their analysis of the center-to-limb behavior of lines 

of the iron group of elements. The second model, Elste's 

(1967) Model 10 was derived from an analysis of 



-6- 

limb-darkening observations of the spectral continuum. 

This model, and its slightly different predecessor Model 9, 

have been used to explain the center-to-limb variation of 

the wings of the Na D lines (Mattig and SchrBter 1961, 

Mugglestone 1964), the variation of the wings of the 

hydrogen Balmer lines (David 1961), and the center-to-limb 

variation of profiles and equivalent widths of CH lines 

(Withbroe 1967a) . The third model, Holweger's (1967), was 

derived from an analysis of limb-darkening observations 

of the spectral continuum and an analysis of the 

center-to-limb variation of the equivalent widths and 

central intensities of a number of spectral lines. This 

model was constructed by assuming LTE consistently 

throughout the photosphere and lower chromosphere. The 

fourth model, the Utrecht Reference Model (Heintze, Hubenet, 

and Jager 1964), differs from the first three in that it 

contains a temperature minimum located at a fairly large 

optical depth, T = 0 .02 .  The last model is a 

preliminary inhomogeneous three-steam model developed by 
5000 

Elste (1967) from Model 10 and Edmonds' (1962) measurements 

of the center-to-limb behavior of the photospheric granular 

contrast. The variation of temperature with optical depth 

of the different models is given in Figure 2. 
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V. RESULTS 

Table 2 s immarizes t h e  abundances c a l c i l a t e d  w i t h  

Mutschlecner 's  photospheric  model and an i s o t r o p i c  

depth-independent microturbulence w i t h  a magnitude of 

1.8 km/sec. The f i r s t  column g ives  t h e  mean e x c i t a t i o n  

p o t e n t i a l  used i n  cons t ruc t ing  t h e  t h e o r e t i c a l  and 

empir ica l  curves-of-growth. The o t h e r  columns g ive  i r o n  

abundances, l og  ( N  /N ) ,  f o r  d i f f e r e n t  p o s i t i o n s  on t h e  

solar d i s k  and t h e  number of l i n e s  used. Note t h a t  t h e  

abundance changes very l i t t l e  w i t h  l imb pos i t i on .  T h i s  

is  i n  e s s e n t i a l  agreement w i t h  t h e  r e s u l t s  of M u l l e r  

and Mutschlecner (1964) .  The abundances a t  IJ. = 0.5 and 

a t  IJ.= 0.3 a r e  s l i g h t l y  l a r g e r  than t h e  abundance a t  

IJ. = 1.0; however, a s  w i l l  be shown below, these d i f f e r e n c e s  

can be e l imina ted  by choosing a d i f f e r e n t  photospheric 

model and/or microturbulence model. 

Fe H 

There is another  more d i s t u r b i n g  t rend:  t h e  abundance 

x, s e e m s  t o  vary w i t h  t h e  lower e x c i t a t i o n  p o t e n t i a l ,  

This i s  shown more c l e a r l y  i n  F igure  3 .  The abundance 

decreases  w i t h  i nc reas ing  x reaches a minimum a t  about 
d' 

4 v o l t s ,  and then  inc reases  again.  The behavior a t  a l l  

three limb p o s i t i o n s  i s  t h e  s a m e .  Warner (1964) found a 
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similar effect, using a less sophisticated photospheric 

model, the Milne-Eddington model, and observations made 

at the center of the solar disk. He suggested that the 

sharp change in slope at x 4 volts might be caused by 

(1) incorrect gf-values for lines with x > 4 volts, 

(2) a non-LTE overpopulation of energy levels for large 

depths, or ( 3 )  peculiarities in the mechanism of line 

formation. Jefferies (1966) suggested that the effect 

was caused by a non-LTE underpopulation of energy levels 

of low excitation lines and that this can be used to explain 

the difference between the photospheric and coronal 

abundances of iron. More recently Cowley and Warner 

(1967a, b) and Withbroe (196733) independently concluded 

that the first of Warner's explanations is the correct one, 

and that the source of difficulty is a calibration error 

for gf-values included in Corliss and Warner's (1964) tables. 

.e 

.e 

The great majority of the gf-values for lines of 

interest in the present investigation are based upon 

measurements made by Corliss and Bozman (1962) and Corliss 

and Warner (1964) hereafter called CB and CW respectively. 

These gf-values were placed on an absolute scale by 

applying a calibration function that is independent of 

for 2.1 s x 9 6.0 volts and varies with x outside 
U U 
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t h i s  range. The q u a n t i t y  x is t h e  e x c i t a t i o n  p o t e n t i a l  

of t h e  upper l e v e l  of  t h e  t r a n s i t i o n  producing t h e  s p e c t r a l  

l i n e .  A value of x = 6.0 v o l t s  corresponds c l o s e l y  t o  

U 

U 

= 4.0 v o l t s  for  l i n e s  wi th  wavelengths between 5500 8- %/ 
and 7000 A .  

c o r r e c t i o n  f o r  x > 6.0 v o l t s  are documented by C o r l i s s  

and Bozman (1962). 

The reasons f o r  in t roducing  x -dependent 
U 

U 

Huber and Tobey (1967, 1968) and Warner and Cowley 

(1967) found i n d i c a t i o n s  t h a t  t h i s  c a l i b r a t i o n  func t ion  

i s  i n c o r r e c t .  Huber and Tobey measured Fe I gf-values  

between 3000 and 4000 ! and found a sys temat ic  v a r i a t i o n  

between t h e i r  gf-values  and C o r l i s s  and Warner's t h a t  

depends upon x i n  almost e x a c t l y  t h e  same manner as  t h e  

CB c a l i b r a t i o n  func t ion .  Their r e s u l t s  suggest  t h a t  t h e  

U 

-dependent c o r r e c t i o n  app l i ed  t o  t h e  CW 

> 6.0 v o l t s  should be removed. Warner 

t o  the same conclusion by ana lys ing  T i  I1 

gf -values f o r  

and Cowley c a m e  

gf -values and 

cons t ruc t ing  a model f o r  the CB arc.  C o r l i s s  and Tech 

(1967) have very  r e c e n t l y  publ ished a r e v i s e d  l i s t  of  Fe I 

gf-values which inco rpora t e s  t h e s e  r e s u l t s .  These va lues  

w e r e  n o t  a v a i l a b l e  a t  t h e  t i m e  of t h e  p r e s e n t  s tudy ,  b u t  

are e s s e n t i a l l y  equa l  t o  t h e  co r rec t ed  va lues  descr ibed  

b e l o w .  
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I f  t h e  CW gf-values are co r rec t ed  by removing t h e  

dependence upon y, from t h e  CB c a l i b r a t i o n  funct ion,  t h e  

r e s u l t  shown i n  Figure 4 is  obtained.  Now t h e  photospheric 

abundance shows a s i g n i f i c a n t  decrease  wi th  inc reas ing  

e x c i t a t i o n  p o t e n t i a l .  The s lopes  of t h e  l i n e s  drawn 

through t h e  p o i n t s  are 0.09, 0.10, and 0.10 f o r  

IJ. = 1.0, 0.5,  and 0.3 r e spec t ive ly .  T h i s  suggests  t h a t  

t h e  e x c i t a t i o n  temperature of t h e  s o l a r  Fe I l i n e s  i s  

approximately 450 OK cooler  than t h e  photospheric e l e c t r o n  

temperature,  about 5000 OK, i n  t h e  region where t h e  Fe I 

l i n e s  a r e  formed. 

U 

The e f f e c t  of modifying t h e  CW gf-values is  f u r t h e r  

i l l u s t r a t e d  i n  Figures  5 and 6, I r o n  abundances determined 

from ind iv idua l  Fe I l i n e s  f o r  p = 1 .0  a r e  p l o t t e d  as a 

func t ion  of x i n  t h e s e  f i g u r e s .  Only l i n e s  w i t h  

log  WA/A <: -4.8 w e r e  used h e r e ,  s i n c e  abundances determined 

from ind iv idua l  l i n e s  are not  very accu ra t e  f o r  l i n e s  on t h e  

ho r i zon ta l  s e c t i o n  of t h e  curve-of-growth. For Figure 5 

t h e  published gf-values of C o r l i s s  and Warner (1964) are 

used. The l i g h t  l i n e  drawn through t h e  po in t s  is  a l i n e a r  

curve whose parameters w e r e  determined by a leas t - squares  

a n a l y s i s .  The s l o p e  of t h e  l i n e  is 0.007. The heavy l i n e  

is  a f o u r t h  degree curve.  A n  examination of t h e  po in t s  

U 
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i n  t h i s  f i g u r e  i n d i c a t e s  why s e v e r a l  i n v e s t i g a t o r s ,  who 

a l s o  used t h e  CW gf-values,  d i d  not  f i n d  a s i g n i f i c a n t  

v a r i a t i o n  of l o g  ( N  /N ) w i t h  e x c i t a t i o n  p o t e n t i a l .  

Goldberg, Kopp, and Dupree (1964) and A l l e r ,  O ' M a r a ,  and 

L i t t l e  (1964) grouped toge the r  s p e c t r a l  l i n e s  wi th  

Fe  H 

B 1 v o l t  i n  s u c h  a manner a s  t o  mask t h e  dependence % 
upon e x c i t a t i o n  p o t e n t i a l  v i s i b l e  i n  t h i s  f i gu re .  

Warner (1964) f i r s t  discovered an e x c i t a t i o n  p o t e n t i a l  

dependence because he used s m a l l e r  i n t e r v a l s ,  

= 0.5 v o l t s .  
A *4, 

Figure 6 shows how c o r r e c t i n g  t h e  CW gf-values by 

dependence i n  t h e  CB c a l i b r a t i o n  
X U  

removing t h e  

func t ion  a f f e c t s  t h e  abundances. A least  squares  a n a l y s i s  

i n d i c a t e s  t h a t  t h e  d a t a  can be represented  by a l i n e a r  

curve w i t h  a s l o p e  of -0.09 - + 0.01. Simi la r ly ,  f o r  

p = 0.5 and p = 0.3 s lopes  of -0.10 - + 0.01 and -0.11 - + 0.01 

are obtained.  S i m i l a r  c a l c u l a t i o n s  w i t h  E l s t e ' s  Model 10 

gives s lopes  of -0.09 - + 0.01, -0.10 - + 0.01, and -0.11 - + 0.01 

f o r  p = 1.0, 0.5, and 0.3 r e spec t ive ly .  

Theore t i ca l  curves-of-growth w e r e  also ca l cu la t ed  

f o r  t h e  o t h e r  photospheric  models descr ibed  i n  s e c t i o n  111. 

The i r o n  abundance w a s  determined f o r  8 values  of  

using t h e  co r rec t ed  gf-values of C o r l i s s  and Warner. I t  

G 
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was assumed that log (N 

ABe = 5040/T 

in the region of line formation, and Tex is the empirical 

excitation temperature of the Fe I lines. Values of the 

parameters A and ne were determined by application of the 

least squares technique. The abundance determined for each 

value of was weighted by the number of lines contributing 

to the abundance determination. The resulting values of 

A0 are given in Table 3. These values correspond to 

/N ) = A - A ee-x where Fe H .e 
- 5040/T,, To is the mean electron temperature ex 

e 

.e 

e 

AT = To - T of 250 to 500 OK. ex 

This apparent difference between To and Tex could be 

caused by (1) inadequate photospheric models, (2) a departure 

from LTE, or (3) a X-dependent error in the gf-values. 

It is doubtful whether the temperature difference can be 

attributed to inadequate solar models. The five chosen 

for this study are typical of recent models which have been 

used to explain a variety of center-to-limb observations of 

spectral continua and lines. A new model that would 

eliminate the difference between To and T would 

undoubtedly encounter severe difficulties in explaining 

ex 

the observations used in constructing the other models. 

A more likely cause of the difference is a departure 

from LTE. A fundamental assumption used in deriving 

photospheric models has been the assumption of LTE. 
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There are a variety of opinions as to haw well the 

population of the various atomic and molecular energy 

levels approach the values predicted under the assumption 

of LTE. Our results are evidence that the populations 

of the energy levels of Fe I are systematically different 

from the populations given by the Boltzmann equation 

and the use of the photospheric electron temperature. 

This difference can be characterized by specifying that 

the Fe I excitation temperature is 250 to 500 OK cooler 

than the photospheric electron temperature in the layers 

where the Fe I lines are formed, log T < -0 .5 .  
5000 

It is significant that Holweger (1967) was able to 

construct a photospheric model which accounted for the 

limb darkening of the spectral continuum and the 

center-to-limb variation of the equivalent widths and 

central intensities of a number of spectral lines, 

including Fe I lines similar to those used in this 

investigation. The fact that we have found an excitation 

temperature for the Fe I lines that is markedly different, 

approximately 500 OK, from Holweger's temperatures 

suggests that our low excitation temperature may be caused 

by a systematic X-dependent error in the gf-values of 

Corliss and Warner instead of a departure from LTE in 

the solar atmosphere. 
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As we have already indicated the gf-values used in 

this study are based primarily on measurements of Corliss 

and Bozman (1962) and of Corliss and Warner (1964). These 

measurements were made in free burning arcs which were 

assumed to be characterized by a single effective 

temperature and electron density. The validity of this 

assumption is questionable. For example, the model for 

the CB arc constructed by Warner and Cowley (1967), using 

Ti I1 observations, indicates that the CB arc may have 

consisted of a hot core surrounded by cooler outer layers. 

If the arc does contain significant inhomogeneities, the 

reliability of the mean temperature assigned to it will 

be affected. As an estimate of this reliability we will 

use the standard deviation of the temperature determinations 

made by Corliss and Bozman. In an analysis of 31 

independent temperature determinations they found that the 

standard deviation of a single temperature measurement 

was 600 OK and that the standard deviation of the mean 

temperature was 110 OK. Since the temperature of Corliss 

and Warner's arc was determined with the CB gf-values, 

the standard deviation of the mean temperature of the CW 

arc must be equal to or greater than 110 OK. 

in view of the rather large error quoted for individual 

Furthermore, 
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measurements of temperature,  600 OK, sys temat ic  e r r o r s  

of t h i s  magnitude cannot be  ru l ed  ou t .  Such e r r o r s  could 

produce a l i n e a r  X-dependence i n  t h e  CB and Gw gf-values.  

For example 110 OK and 600 OK e r r o r s  correspond t o  

X-dependences of - +0.02 and - +0.12 dex per  e l e c t r o n  v o l t  

r e spec t ive ly .  The r e s u l t s  given i n  Table 3 suggest  a 

X-dependence of -0.08 dex per e l e c t r o n  v o l t .  Therefore,  

it appears poss ib l e  t h a t  our r e s u l t s  can be explained by 

an e r r o r  i n  t h e  temperature assigned t o  t h e  CB a r c .  

This conclusion i s  f u r t h e r  supported by a comparison 

of t h e  CW gf-values w i t h  those  of Byard (1967) .  Byard 's  

gf-values a r e  based upon measurements made i n  a shock 

tube.  Huber ( p r i v a t e  communication) found t h a t  i f  values  of 

Alog gf = log  gf(Byard) - l og  gfcw are p l o t t e d  a s  a 

func t ion  of X Alog gf v a r i e s  l i n e a r l y  w i t h  x f o r  l i n e s  

w i t h  < 6.0 v o l t s .  The s lope  of t h e  l i n e  r e l a t i n g  

Alog gf t o  X i s  -0.10. I f  t h e  CW gf-values are co r rec t ed  i n  

t h e  manner descr ibed earlier i n  t h i s  paper Alog gf v a r i e s  

l i n e a r l y  w i t h  Xu over t h e  range 2 . 4  5 X 

s l o p e  i n  t h i s  case  a l s o  is -0.10. This is  independent 

evidence t h a t  t h e  CW gf-values may conta in  a X-dependent 

e r r o r  a s  l a r g e  as 0.10 dex per  e l e c t r o n  v o l t  and suggests  

t h a t  t h e  X-dependence i n  t h e  photospheric abundance of 

U' U 

U 

I 6.8 v o l t s .  The 
U 
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i r o n  i s  m o r e  l i k e l y  t o  be caused by a sys temat ic  e r r o r  

i n  t h e  gf-values than by a depar ture  from LTE i n  t h e  

photosphere. Unfortunately,  Byard (1967) by making an 

erroneous assumption on t h e  e x t e n t  of  l i n e  broadening 

may have used t o o  l a r g e  a r a t i o  of Lorentzian t o  Gaussian 

l i n e  width: t h u s  t h e  conclusion discussed here  may be 

questioned. 

Before concluding t h i s  s e c t i o n  w e  should poin t  ou t  

t h a t  t h e  magnitude of t h e  X-dependence i n  t h e  s o l a r  i r o n  

abundance depends c r i t i c a l l y  upon t h e  c o r r e c t i o n  t h a t  i s  

appl ied  t o  t h e  CW gf-values f o r  l i n e s  w i t h  X > 6.0 v o l t s .  

A s  w e  have a l r eady  indica ted ,  t h e  r e s u l t s  of Huber  and 

Tobey (1967, 1968) and of Warner and Cowley (1967) i n d i c a t e  

t h a t  t h i s  c o r r e c t i o n  f a c t o r  should be s u f f i c i e n t l y  l a r g e  

t o  cance l  t h e  effect  of t h e  X-dependence i n  t h e  

c a l i b r a t i o n  func t ion  used f o r  de f in ing  t h e  abso lu t e  s c a l e  

of t h e  CB and CW gf-values.  However, t h e i r  r e s u l t s  do 

not  completely r u l e  ou t  smaller c o r r e c t i o n  f a c t o r s  w h i c h  

U 

would reduce t h e  magnitude of t h e  X-dependence found i n  

t h e  s o l a r  i r o n  abundance. Addit ional  independent 

l abora to ry  measurements of  gf-values f o r  high e x c i t a t i o n  

Fe I l i n e s  are needed t o  f i rmly  e s t a b l i s h  t h e  form of t h e  

c o r r e c t i o n  f a c t o r .  
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VI. THE EFFECT OF DEPARTURES FROM LTE 

In the previous section we presented evidence that 

the empirical Fe I excitation temperature is 250 to 500 OK 

cooler than the corresponding excitation temperature 

derived from several photospheric models. As we indicated, 

this may be caused by departures from LTE in the photosphere 

or by systematic errors in the gf-values, the second cause 

being the more probable of the two. However, suppose for 

the moment that there are departures from LTE of the 

indicated magnitude. What effect will they have on the 

determination of the photospheric iron abundance? 

In an attempt to answer this question we calculated 

non-LTE curves-of-growth using Elste's Model 10, an 

excitation temperature varying with depth in the manner 

illustrated in Figure 7, and a non-LTE weighting function 

(Pecker 1959), 

where B is the Planck function, T is the electron e 

temperature, and Tex is the excitation temperature. 

depth-dependence of the excitation temperature was chosen 

The 

so that the iron abundance would not vary significantly 
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with x 
photospheric electron temperature at T 

ionization temperature was set equal to the electron 

temperature. The resulting iron abundances for 

IJ. = 1.0, 0.5, and 0.3 are -5.22, -5.26, and -5.31 

respectively. These values are systematically larger 

by an average of 0.15 dex than the corresponding values 

determined under the assumption of LTE with the same model. 

This suggests that the photospheric iron abundance is not 

appreciably affected by departures from LTE. Furthermore 

the effect is too small by an order of magnitude to explain 

the difference between the photospheric and coronal 

abundances of iron. 

and also so that Tex would become equal to the 

F=: 1.0. The 

4 

5000 

VII. THE PHOTOSPHERIC IRON ABUNDANCE 

The iron abundances determined from all of the models 

used in the present analysis are summarized in Table 4. 

These abundances were determined by use of curves-of-growth 

calculated for the values of listed in Table 2, and 

were obtained by averaging the abundance for each < 
weighted by the number of lines making up the empirical 

curve-of-growth. The gf-values used are those of Corliss 

and Warner, which were corrected by removing the 

c 

G 
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-dependence i n  t h e  CB c a l i b r a t i o n  func t ion  f o r  

> 6.0 v o l t s .  I f  t h e  abundances i n  Table 4 are averaged 

XU 

w i th  e q u a l  weights w e  o b t a i n  

log  ( N  /N ) = -5.41 . 
Fe H 

I f  t h e  X-dependence i n  t h e  abundance should prove t o  

be a n  e f f e c t  of non-LTE i n s t e a d  of an e r r o r  i n  t h e  

gf-values,  then t h e  r e s u l t s  of s e c t i o n  V i n d i c a t e  t h a t  

t h i s  va lue  f o r  l og  ( N  /N ) should be increased t o  -5.26. 
Fe  H 

The adopted abundance, l o g  ( N  /N ) = -5.41, is i n  
Fe  H 

good agreement w i t h  o t h e r  r ecen t  determinat ions.  Typical 

va lues  are -5.41 ( A l l e r ,  O'Mara and L i t t l e  1964):  

-5.36 (Goldberg, Kopp, and Dupree 1964):  and -5.49 (Warner 1968). 

VIII. SUMMARY 

T h i s  work has e s t a b l i s h e d  a number of po in t s ,  (1) I f  

t h e  CW gf-values are ;sed t o  determine t h e  s o l a r  i r o n  

abundance, t h e  r e s u l t i n g  abundance v a r i e s  w i t h  t h e  e x c i t a t i o n  

p o t e n t i a l  of t h e  l i n e s  used, The v a r i a t i o n  of t h e  abundance 

w i t h  x seems t o  r e f l e c t  i n  p a r t  t h e  i n f luence  of t h e  

c o r r e c t i o n  f a c t o r  app l i ed  t o  t h e  CW gf-values f o r  l i n e s  

6 

of high e x c i t a t i o n .  This confirms Warner 's  r e s u l t s ,  w h i c h  
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were obtained with a less sophisticated photospheric model 

(2) If the CW gf-values are corrected in the manner 

suggested by Huber and Tobey (1967, 1968) and Warner and 

Cowley (1967), the iron abundance, log (N /N ) , appears 

to vary with x in a linear fashion. This may be 

interpreted as a departure from LTE of the order of 250 

to 500 OK in the solar Fe I lines, or as a corresponding 

X-dependent error in the corrected CW gf-values. (3) The 

determination of the solar iron abundance is not 

appreciably affected by the choice of photospheric model. 

(4) Departures from LTE in the excitation temperature of 

the solar Fe I lines have only a small effect on the 

abundance determination. (5) The best value of 

log (N /N ) that results from this analysis is -5.41. 

Fe H 

.e 

Fe H 

I would like to thank Dr. A.K. Dupree, Dr. L. Goldberg, 

and Dr. M.C.E. Huber for their helpful comments and 

suggestions. I would also like to thank Mr. Neal Baker 

for his assistance in measuring equivalent widths and 

computer programming. 

This work was supported by the National Aeronautics 

and Space Administration through grant NsG-438 and 

contract NASw-184. 



R e f e r e n c e s  

A l l e r ,  L.H,  1960, Stel lar  A t m o s p h e r e s ,  ed. J . L .  G r e e n s t e i n  

( C h i c a g o :  U n i v e r s i t y  of C h i c a g o  Press); p.156. 

A l l e r ,  L.H.,  E l s t e ,  G. and Jugaku,  J. 1957, A p .  J. 

Supp l . ,  3, 1. - - 
A l l e r ,  L.H. ,  O ' M a r a ,  B . J . ,  and L i t t l e ,  S .  1964, - -  Proc. N a t .  

A c a d ,  S c i .  Washington, -- 5 1  1238.  -- - -  
B y a r d ,  P.L. 1967, J,Q.S.R.T., 7, 559- = 

. C o w l e y ,  C.R.  and Warner, B .  1967a, O b s e r v a t o r y ,  -- 87 ,  117 .  -- 
C o w l e y ,  C.R,  and Warner, B .  1967b, A.J., 72, 791. 

C o r l i s s ,  C.H. and B o z m a n ,  W.R. 1962, N,B,S. Monoqraph, N o .  53. 

-- -- 

- -  
C o r l i s s ,  C.H. and Tech, J .L . ,1967 NBS Monoqraph, N o .  108. 

7 - -  
C o r l i s s ,  C.H. and Warner, B .  1964, 9. J .  S u p p l ,  - 8, 395. - 
D a v i d ,  K.H. 1961, Z s .  f .  &., -- 53, 37. -- - -  

D u p r e e ,  A.K. 1968, T h e s i s ,  H a r v a r d  U n i v e r s i t y .  

E d m o n d s ,  F.N.,  Jr. 1962, *. 3. S u p p l .  - 6, 357. - 
E l s t e ,  G.H.E. 1967, 9. J. ,  ___ 148, 857. 

G o l d b e r g ,  L., K o p p ,  R.A., and D u p r e e ,  A.K. 1964, 9. J . ,  

--- 

140, 707. --- --- 
H e i n t z e ,  J.R.W., H u b e n e t ,  H , ,  and Jager, C .  de 1964, B.A.N., 

H o l w e g e r ,  H ,  1967, g&. f. &., -- 65, 365. -- 



Huber, M. and Tobey, F.L. , Jr. 1967, A . J .  72, 804 

H u b e r ,  M. and Tobey, F,L., Jr. 1968, AJ. J . ,  I__ 152, 609. 

Jefferies,  J . T .  1966, Abundance Determinat ion i n  S t e l l a r  

- - --. -- 

S p e c t r a  , ed. H. Hubenet (London and New York: 

Academic Press), p. 207. 

M a t t i g ,  W .  and S c h r d t e r ,  E.H. 1961 ’ -  Z s .  - f. A J . ,  52, -- 195. 

Mugglestone, D .  1964, Colloquium, U n i v e r s i t y  o f  Michigan. 

M U l l e r ,  E.A. 1966, Abundance Determinat ion i n  S t e l l a r  

S p e c t r a ,  ed. H. Hubenet,(London and New York: Academic 

P r e s s )  , p. 171. 

M t t l l e r ,  E.A.  and Mutschlecner,  J.P.  1964, AJ. J. Suppl . ,  - 9, 1. 

Mutschlecner J .P.  1963, t h e s i s ,  U n i v e r s i t y  of Michigan . 
Peck.er, J . C .  1959, Ann. d’Ap., -- 2 2 ,  499. 

Warner, B. 1964, M.N. , --- 1 2 7 ,  413. 

Warner, B. 1968, M.N., --- 138, 229. 

Warner, B. and Cowley, C.R.  1967, J.Q.S.R.T., - - - - -  2, - 751. 

Withbroe,  G.L.  1967a, A J .  z., At:, 1117, 

Withbroe, G.L.  1967b, &.J., 12, -- 837. 

- - 

-- - 

--- 

--- 

--- 



TABLE 1. 

MEASURED EQUIVALENT WIDTHS OF FE I L I N E S  (d) 
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5 4 0 3  
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60.1 
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24.4 
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1 0 4 8  
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TABLE 1. 

MEASURED EQUIVALENT WIDTHS OF FE I L I N E S  (d) 

A W p l . 0 )  WA (p=O. 5) WA (p=O. 3) 
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e91 6400 3 2 3  71.U 
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e99 6S74.254 24.1 
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A pi- ( p 1 . 0 )  
A 

piA (y=O a 5) WA(p=O. 3) 
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h W A  (y=1. 0) W h  ( y=O .5) W h  (y=O. 3 )  x, 
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23.6 
34.2 
24.6 
46.2 
49.3 

4.61 
4.61 
4.61 
4.64 
4.64 

6 8 1 0 e 2 6 7  44.1 
6841.341 61.7 
6858.155 51.0 
6 1 3 3 ,  1 5 3  23.9 
6 752.716 35.4 

54.5 
67.2 
51.9 
28.1 
3 5 0 6  

Ci.0 
65.5 
56.8 
30.8 
39.9 

6820.374 4U.o 
6b28.596 57.3 
6342.689 35.7 
5 b 7 9  0 3 2  60.6 
5927.797 41.7 

43.2 
55.5 
37.7 
61.3 
43.9 

40.3 
55.1 
40.1 
59.6 
32.5 

4.b4 
4.64 
4.b4 
4.65 
4.65 

4.65 
4.65 
4.65 
4.65 

5 9 3 O e l c ) l  84.2 
6007.968 59.5 
6079.016 45.1 
6604.G10 18.3 

86.2 
59.2 
46.1 
24.7 

79.7 
62.2 
43.4 
22.6 

4.73 5984.826 82.6 85.2 7 6 0 9  



TABLE f. CONTINUED 

A W h  ( p 1 . 0 )  W h  ( p = O .  5) W h  (p=O. 3) x, 
4.73 
4.13 
4.73 
4.73 
4.79 

4.79 
4.79 
4.79 
4.79 
4.79 

4.79 
4.63 
4.63 
4.63 
4.99 

5.01 
5.OZ 
5.03 
5.U6 
5.08 

bo56 0 1 3  
6290m974 
6330.652 
6419.956 
5987.07U 

b07b.766 
6338.880 
6364.369 
1496.472 
6634.123 

6713.745 
5Y75.353 
6102e183  
6633.427 
5b33.953 

bL45.891 
bC189.574 
5055.500 
5655.183 
5650.694 

72.+ 
72.8 
34.3 
8 8 . 3  
75.1 

74.2 
43.6 
27.6 
62.3 
29.1 

17.3 
45.0 
75.4 
23.5 
64.2 

2.7 
31.6 
78.4 
60.0 
37.2 

71.6 
71.2 
34.1 
91.1 
76.3 

73.7 
47.4 

63.2 
36.4 

30.8 

22.6 
49.2 
75.2 
27.4 
67.1 

0 0 0 
35.9 
60.2 
47.4 
38.5 

69.7 
70.5 
34.8 
81.5 
79.3 

71.7 
47.0 
30.2 
60.4 
37.0 

22.4 

73.2 
27.4 
63.2 

49.8 

3.0 
35.1 
66.5 
49.5 
37.5 



Table 2. I R O N  ABUNDANCES DETERMINED 
FROM MUTS CHLECNER ' S MODEL 

- 
p = 1.0 p = 0.5 p = 0.3 

log A NO. L ines  log A N o .  L ines  Log A N o .  L ines  x, 

1.0 -5.08 (11) -5.00 (11) -4.98 (11) 

2.25 -5.25 (29) -5.21 (30) -5.16 (31) 

2.75 -5.26 (20) -5.23 (21) -5.17 (20) 

3.25 -5.32 (7) -5.32 (6) -5.24 (6) 

3.75 -5.43 (25) -5 -42 (26) -5.36 (25) 

4.25 -5.37 (44) -5.37 (44) -5.33 (47) 

4.75 -5.18 (56) -5.14 (55) -5.13 (56) 

5.05 -4.95 (5) -5.02 (5) -4.95 (4) 

-. 

log A = log N /N 
Fe €I 



Table 3 .  VALUES OF A 0  DETERMINED FOR 
DIFFERENT PHOTOSPHERIC MODELS 

Model p=l  0 p=O . 5 p=O . 3  
- 

Elste's Model 10 0.07 0.08 0.08 
Isotropic Turbulence 

Elste's Model 10 0.08 0.08 0.08 
Holweger s Turbulence 

Holweger 0.10 0.11 0.11 

Mutschlecner 0.09 0.10 0.10 

Utrecht Reference 0.05 0.06 0.08 
Model 

Three Stream Model 0.07 0.08 0.08 



Table 4. IRON ABUNDANCES LOG NFe/NH DETERMINED FOR 

DIFFERENT PHOTOSPHERIC MODELS 

Model p=1.0 p=O. 5 p=O .3 

Elste's Model 10 -5 - 4 5  -5.42 -5.39 
Isotropic Turbulence 

Elste's Model 10 -5 -44 -5 -47  -5 -45  
Holweger Is Turbulence 

Holweger -5.32 -5.35 -5.33 

Mutschlecner -5.38 -5.34 -5 a 30 

Utrecht Reference Model -5 1) 47 -5.52 -5.54 

Three Stream Model -5 - 4 7  -5,40 -5.33 



Figure  1. A curve-of-growth for t h e  c e n t e r  of t h e  d i s k .  

The curve  f i t t e d  t o  t h e  p o i n t s  is  a t h e o r e t i c a l  

curve c a l c u l a t e d  f o r  x = 3.5 vo l t s  and 

A = 6000 8 .  
.9, 
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Figure 2. The depth dependence of the electron temperature 

in several photospheric models: -%- -x- Holweger ; 

--- Model 10; Mutsch1ecner;--- 

Utrecht Reference Model; ...... cool stream for 
the three stream model;.o...e.hot stream for the 

three stream model; Model 10 is the medium temper- 

ature stream for the three stream model. 
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Figure 3. The solar iron abundance, log N /N plotted Fe H' 

as a function of the lower excitation potential, 

for p = 1.0, 0.5, and 0.3. Corliss and 

Warner's gf-values were used in determining 

the abundances. 

x& , 
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Figure 4. The s o l a r  i ron  abundance p l o t t e d  a s  a func t ion  

of x, f o r  = 1.0,  0.5, and 0.3. The cor rec ted  

CW gf-values (see tex t )  w e r e  used i n  determining 

t h e  abundances. 
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Figure 5. S o l a r  abundances determined from ind iv idua l  

l i n e s  p l o t t e d  as a func t ion  of t h e  upper 

e x c i t a t i o n  p o t e n t i a l ,  

w e r e  u s e d .  

. The CW gf-values xu 





Figure 6. Solar abundances determined from individual 

lines plotted as a function of the upper 

excitation potential. The corrected CW gf-values 

(see text) were used. 
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Figure 7.  The depth-dependence of t h e  photospher ic  

c l e c t r o n  temperature  f r o m  Model 10 ( s o l i d  

l i n e )  and t h e  e x c i t a t i o n  temperature  (dashed 

l i n e )  used t o  remove the X-dependence i n  t h e  

s o l a r  i r o n  abundance. 
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